Cytoplasmic male sterility (CMS) is maternally inherited and is associated with a specific (mitochondrial) gene whose expression impairs the production of viable pollen without otherwise affecting the plant (Budar and Pelletier 2001) . Studies on numerous CMS systems using monocot and dicot species have revealed that the sterilizing factors are generally encoded by mitochondrial genes that are often chimeric in structure (Hanson 1991) , probably as a result of intra-genomic recombination (Schnable and Wise 1998) . Since restorer of fertility (Rf or Fr) genes in the nucleus function to suppress the CMS phenotype, nuclear restoration allows commercial exploitation of the CMS system for the production of high-yielding and heterotic seeds and eliminates the need for intensive labour and expensive hand emasculation. In addition, the CMS-Rf system provides an excellent model for the study of nuclear-mitochondrial interaction in multicellular organisms.
In pepper, Peterson (1958) reported a CMS plant which spontaneously segregated from cultivated pepper. The trait was found to be controlled by a major recessive rf gene interacting specifically with the S plasmatype. However, based on the alteration of the segregation ratio in the BC1 generation, Peterson (1958) indicated that a second dominant restorer gene might be present. Dominant restorer alleles have been identified in several hot pepper genotypes (Zhang et al. 2000) with an intermediate phenotype in the F 2 generation, which resulted in partially sterile pollen, presumably due to either interaction with the environment or quantitative genetic control. Since temperature alteration may induce a degree of variation in male sterility, ranging from complete to partial, selfing as well as crossing of the male-sterile individuals can be achieved through temperature manipulation. Therefore, breeders must use restorer as well as maintainer lines for various environments to secure a completely sterile female parent, but fully fertile hybrids.
In the present study, the mechanism by which the restorer lines act on the suppression of the CMS phenomenon was further characterized by analyzing F 1 -F 4 generations obtained from the crossing of CMS and restorer lines. In addition, we examined the restorer marker and its genetic distance from the Rf gene to consider the possibility of application to breeding programs, with emphasis placed on the F 3 and F 4 generations. The practical importance of the CMS system in breeding is highly dependent on the presence of a restorer of fertility (Rf or Fr) gene and stable response in various environments.
Plant materials
Five CMS (201) (202) (203) (204) (205) and four restorer (No. 206, 207, 209 and 210) red pepper (Capsicum annuum L.) lines supplied by Dong Won Nong San Seed Co. were investigated in the present study. Plants were grown in the field of Tokyo University of Agriculture and Technology, Japan. A total of 180 hybrids obtained by crossing the parental lines were used to estimate the pollen fertility in the first generation. F 2 , F 3 and F 4 generations were obtained by subsequent self-pollination and about 100 individuals were examined further from each generation.
Fertility assessment
Parental lines as well as hybrid lines (F 1 -F 4 ) were planted and their fertility was evaluated under open field conditions from the spring of 2001 to the autumn of 2004 by two methods. In the first method, plants were visually observed at the flowering stage for the presence or absence of anthers and checked for pollen production. The pollen quantity was assessed by visually scoring the amount of pollen, using a +, ± and − scale compared with the fertile control (No. 206, 207, 209 and 210) . At least three flowers per plant and around 20 plants per genotype were independently scored, with + denoting full pollen grain content in the anther as in the fertile control, ±: a large number of pollen grains up to or above 50% of that in the fertile control, and −: few or no visible pollen grains. In the second method, the number of stained pollen grains was evaluated by microscopic examination. About 20 plants from each population with 10-12 anthers were checked by staining in 1% acetocarmine solution and pollen fertility was determined as the percentage of stained pollen grains. Pollen grains from dehisced anthers were shaken into a drop of stain on a micro glass slide and then counted under the microscope as follows: on each slide two squares were separated and the amount of pollen grains was counted in two replications. Due to the difference in the tissue structure, the fertile and sterile pollen grains were easily distinguished from each other. The round, well-stained pollen grains were considered to be fertile, while the shrunken, deformed, amorphous and poorly stained pollen grains to be sterile (Fig. 1) . For the evaluation of fertility and pollen viability, the following calculation was used: number of fertile pollen grains/total (number of fertile pollen grains + number of sterile pollen grains).
Isolation of genomic DNA and amplification of restorer marker
Genomic DNA was isolated from young leaf tissue by the crude nuclear pellet method (Walbot and Warren 1988) . Primers specific to the restorer gene (Yanagawa et al. 1996 , Gene Bank Accessions: E15678 and E15679) were used for PCR amplification with the following nucleotide sequences: CRF3-S 5′-ATTTTCAGATTGTGGCGACG-3′ and CRF1-S 5′-CGACCATCACGACGAGG-3′. The conditions of the PCR reaction were as follows: an initial denaturation step at 94°C for 3 minutes, followed by a total of 25 cycles of 94°C for 30 seconds, 60°C for 1 minute and 72°C for 1 minute with the final elongation step at 72°C for 5 minutes. Reaction components (25 µl) for PCR included 20 ng of template DNA, 100 µM of dNTP, 10 pM of each primer, 2.5 µl of 10 × PCR buffer and 1 unit of Taq polymerase (TaKaRa, Japan). Fragments were separated by electrophoresis on 1% agarose gel and visualized by staining with ethidium bromide.
Characterization of hybrid lines
Among the restorer lines, No. 209 and No. 210 produced over 50% of viable pollen during the two growth seasons, while the restorer lines No. 206 and No. 207 failed to produce pollen at the late developmental stage and at the early developmental stage, respectively. To evaluate the restoration ability of the restorer lines, a total of five hybrid lines between CMS and restorer lines were obtained (Table 1) . In all the F 1 hybrid lines, fertility was restored. The use of these five hybrid lines enabled to screen the segregated populations (F 2 -F 4 ) in order to characterize the number of genes involved in the restoration system as well as to determine whether the pattern was dominant or recessive. The segregated populations were maintained by subsequent selfpollination. Since the restorer gene (Rf) occurred in the nucleus, segregation of pollen production in the F 2 generation was observed. Analysis of the pollen content and the amount of viable pollen grains in the individuals of the F 2 generation revealed that 89 individuals were male fertile and 30 individuals male sterile. This segregation pattern (3 : 1, χ 2 = 0.0028, 0.95 < P < 0.975) indicated a mono-factorial inheritance associated with the restorer gene. Such a phenomenon was observed, for instance, in petunia (Bentolila and Hanson 2001) and in common bean (Phaseolus vulgaris) (Abad et al. 1995) . 
Evaluation of physical distance between the restorer marker and the Rf gene
Using a molecular marker closely linked to the restorer gene in pepper (Yanagawa et al. 1996) , we analyzed the parental lines and individuals from the F 2 -F 4 generations. Using the primers specific to the restorer gene tested on the parental lines, the same, single PCR fragments (870 bp) specific to the Rf gene clearly appeared in the F 2 generation as well as in the F 3 and F 4 generations (Fig. 2) . In total of 99 individuals from the F 2 generation, the presence or absence of the fragments specific to the gene was examined. Although 75 individuals showed the specific band, in the remaining individuals the fragment did not appear. The Rf marker segregated in a 3 : 1 ratio (χ 2 = 0.013, 0.9 < P < 0.95), confirming the single dominant gene theory (Table 2) . Based on the pollen analysis and the use of the Rf marker in the F 2 generation, the physical distance between the gene and the marker was found to be 20 cM. Among 99 individuals, 20 showed the heterozygous state either for the pollen content or for the molecular marker, respectively. To obtain more detailed information about the distance between the marker and the gene as well as to confirm the single gene theory, we investigated the F 3 and F 4 generations further. By comparing the segregation pattern of a single gene or allele in the subsequent generation and the data obtained from the molecular analysis of the F 3 and F 4 generations using the Rf specific marker, we confirmed the single gene theory. The segregation of the Rf marker as well as the pollen content either in the F 3 generation (χ 2 = 0.063, 0.75 < P < 0.9) or F 4 generation (χ 2 = 0.2734, 0.5 < P < 0.75) followed the hypothetical segregation pattern of a single dominant gene in subsequent generations (Table 2) . Histological analysis of the pollen and gel analysis using a molecular marker revealed a shorter physical distance estimated to be 5.3 cM in the F 3 generation and 4.8 cM in the F 4 generation, based on the Kosambi map function ( Table 2) .
The environment does not alter the expression of a molecular marker (Tanksley 1983 ) and the sterility expression is considerably influenced by environmental factors. These facts indicate that the analysis of subsequent generations may enable to determine the physical distance between the marker and the gene more precisely by suppressing or eliminating various environmental effects. To estimate the physical distance between the marker and the locus, the more segregated the population, the more precise information can be revealed, and therefore the suitability of the utilization of this marker in breeding programs was confirmed. In addition, the use of this primer showed that after several generations, populations nearly homozygous for CMS and for the restorer could be separated, suggesting possible application in practical breeding.
Recently, a co-dominant STS marker constructed from a RAPD marker has been reported by Lee et al. (2004) and a CAPS marker by Kim et al. (2006) . The identification of restorer loci in some other plants, such as Brassica, petunia, rice and Raphanus, revealed that the restorer alleles contained a pentatricopeptide repeat motif (PPR) which is found in one of the largest gene families (Koizuka et al. 2003 , Brown et al. 2003 , Kazama and Toriyama 2003 , Bentolila et al. 2002 .
